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ABSTRACT 
 Eukaryotes typically inherit mitochondria strictly maternally.  There are however 
a group of bivalve molluscs that inherit different mitochondrial genomes from each 
parent.  The paternally inherited mtDNA (M-type) is localized to, and dominates over the 
maternally inherited mtDNA (F-type) in the gonads of the male offspring, but is not 
normally retained in any tissue of the female offspring.  This process is termed Double 
Uniparental Inheritance (DUI).  Using quantitative PCR (qPCR), this study examines 
mtDNA replication compared to total DNA replication through embryonic stages of 
development and into early adulthood of the DUI species, Mytilus galloprovincialis.  
Results indicate that up through the early veliger stage of development, there is little 
replication of mtDNA.  Between the early veliger and pediveliger stages, mtDNA 
replication increases dramatically, and then continues to replicate between pediveliger 
and 1mm spat.  Rate of mtDNA replication slows after the pediveliger stage.  This study 
also shows that mtDNA replication is not coupled to nuclear DNA replication, and that 
though replication of mtDNA increases between early veliger and pediveliger stages, 
nuclear DNA is replicating at a faster rate. 
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CHAPTER 1 
INTRODUCTION 
Mitochondrial DNA (mtDNA) exists as a circular DNA structure with a genome 
distinct from that found in the nucleus.  The mitochondrial genome as a whole is much 
smaller than the nuclear genome, consisting of approximately 15-20kb (Boore et al., 
1999).  Despite the rapid evolution of the mitochondrial genome, its gene content has 
been relatively conserved across animal species (Boore et al., 1997).  In general, the 
mitochondrial genome codes for the proteins necessary for the subunits of the electron 
transport chain, rRNAs, and the tRNAs necessary for translation of those proteins, for a 
total of 37 genes (Boore et al., 1999).  The majority of components found in the 
mitochondria however are encoded by nuclear genes (Shadel et al., 1997). Mitochondrial 
DNA (mtDNA) is also known to have an area of non-coding sequence known as the 
displacement loop (D-loop), or the control region (Shadel et al., 1997).  All mitochondrial 
gene expression is regulated by promoters found in this region (Shadel et al. 1997). 
Regulation of these genes at these promoters is thought to be entirely by genes encoded 
by the nucleus (Scarpulla, 2006), so for this reason, communication and interaction 
between mtDNA and the nuclear DNA are necessary for proper mitochondria function 
and mtDNA replication. Mitochondria are also necessary for cell cycle progression, as 
low levels of ATP can signal a halt due to energy depletion (Mandal et al., 2005), also 
making it necessary for communication between the nucleus and the mitochondria. 
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Mitochondria are highly dynamic structures, and reproduce via the process of 
fission and fusion, with fission being the process of a single mitochondria dividing to 
provide two separate mitochondrion, and fusion of mitochondria occurring when two 
separate mitochondria come together to form a larger single mitochondria (Hales et al., 
1997).  The fission and fusing processes take place according to energetic need of the cell 
(Zorzano et al., 2010).  Mitochondrial homeostasis is a complex process involving fission 
and fusion of mitochondria, replication of mtDNA and replication of nuclear DNA.  It is 
known that all of these things contribute to mitochondrial reproduction, however the 
exact mechanisms, and the timing of mitochondrial reproduction throughout the cell 
cycle and development, as well as the coupling of mitochondria replication to mtDNA 
replication are generally not well understood (Martinez-Diez et.al., 2006). 
 Eukaryotes typically follow a pattern of strict maternal inheritance of 
mitochondria (Birky et al., 1995).  Sometime during spermatogenesis, sperm 
mitochondria are tagged with ubiquitin, and once fertilization of the egg occurs, this 
targets the sperm mitochondria for proteolysis (Stuovsky et al., 1999).  This is thought to 
be a mechanism that has evolved due to the fact that sperm produce high levels of 
reactive oxygen species upon fertilization, which are toxic to the mitochondria (Aitken et 
al, 1995).  One exception consists of a group of bivalve molluscs, which can inherit 
mitochondria from both parents (Zouros et al., 1994).  This process is termed Double 
Uniparental Inheritance (DUI), and has been identified in a number of different mollusc 
species, the most commonly studied being the members of the phylum Mytilus (Zouros et 
al., 1994).  Each offspring inherits one mitochondrial genome from the mother, 
designated F-type, and one mitochondrial genome from the father, designated M-type 
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(Zouros et al., 1994).  These two genomes are distinct from one another, with up to 40% 
sequence divergence in some species (Zouros 2013).  
The two mitochondrial haplotypes have different functions in the organism, and 
although it is not clear how the function of the two genomes differ, it is becoming 
increasingly evident that the M-type mitochondria play a large role in spermatogenesis.  
The M-type mitochondria are transmitted to the egg upon fertilization via the sperm 
(Longo et.al., 1967).  If the offspring is to be male, the M-type mitochondria aggregate 
together by the first cell division, and are localized to the D-blastomere by the second cell 
division (Cao et al., 2004).  This blastomere and its progeny are thought to give rise to the 
germ line (Verdonk et al., 1983).  In the mature male, the gonad is composed almost 
completely of M-type mitochondrial DNA (mtDNA), while the somatic tissues are 
composed almost completely of F-type mtDNA (Cao et al.,2004), indicating the M-type 
mtDNA functions specifically in the gonad and/or gametes.  If the offspring is to be 
female, the sperm mitochondria are transmitted to the egg and have no apparent 
localization (Cao et al., 2004).  They appear to randomly disperse within the zygote 
during cell division and the mature female tissues are all composed of F-type mtDNA 
(Cao et al., 2004).  There are few exceptions to these rules, and these rules are not as well 
established in other DUI species (Milani et al., 2014), however in Mytlids this has proven 
to be the norm (Zouros et al., 1994).  
The sperm and the egg contribute mitochondria to the zygote in unequal 
proportions.  The sperm only contributes five, albeit large, mitochondria to the zygote 
(Longo et al., 1967), whereas the egg contributes tens of thousands (White et al., 2008).  
The number of copies of mtDNA in each mitochondria is unknown, and it stands to 
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reason that the sperm mitochondria may contain more mtDNA copies than the egg 
mitochondria due to possible fusion of many smaller mitochondria to form the 5 larger 
mitochondria that are transmitted to the egg upon fertilization (Zouros, 2013).  However, 
even taking this into account, the amount of M-type mtDNA transmitted to the zygote is 
small in proportion to the F-type mtDNA transmitted by the egg (Zouros, 2013).  If the 
replication rate between the two mtDNA haplotypes were the same, the F-type mtDNA 
would be chosen for replication more often than the M-type mtDNA, leading to a 
bottleneck effect in which the M-type mtDNA is lost.  This cannot be what is occurring, 
since the ratio of M-type to F-type mtDNA in a mature male mussel (though very 
variable) can reach 1:1 (Sano et al., 2007).  This would imply one of two things is 
occurring: either the M-type DNA is being preferentially amplified, or one of the two 
haplotypes is lost.   
Molluscs are mosaic developers, and divide according to a spiral cleavage pattern. 
The first cleavage is unequal, resulting in two cells.  The first is designated AB, and the 
second is CD,  with the AB cell being considerably smaller than the CD cell.  The second 
cleavage takes place in a spiral manner, forming equally sized A, B and C blastomeres, 
and a larger D blastomere, with the D-blastomere thought to give rise to the germ line 
(Verdonk et al., 1983).  In DUI species, not only must the proper mtDNA haplotype be 
sorted into the correct cell lineage, the mtDNA must also remain purely F-type or M-
type.  This means that there must be a very complex sorting mechanism by which the 
mitochondria are sorted into cells in which they will function in DUI species.  There also 
must be coordination between sorting, when mitochondria reproduce, and when mtDNA 
replicates.  If fission and fusion of the mitochondria are occurring, it would give large 
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possibilities to recombination between the two genomes and mixing of the two mtDNA 
haplotypes in a single mitochondria.  This is probably not what occurs given the distinct 
localization of the two haplotypes in the mature mussel tissues.  
There are some arguments to be made about the role of M-type mtDNA being 
negligible.  Studies performed on hybrid Mytlius species between Mytlis edulis, Mytilus 
galloprovincialis, and Mytilus trossulus, have shown what is known as DUI breakdown 
and mitochondrial genomes from the gonad of males of these hybrid species show 
sequences that resemble the F-type genome more so than the M-type genome (Weene et 
al., 1995; Hoeh et al., 1996; Saavedra et al. 1997; Quesada et al. 2003; Ladoukakis et al. 
2002; and Burzynski et al. 2006).  These sequences have been deemed "masculinized," 
with the control region of this masculinized sequence varying from a typical F-type 
mtDNA sequence by less than 3% (Hoeh et. al. 1997).  One hypothesis is that the F-type 
mtDNA at one point invaded the germ line and took over the role of the M-type mtDNA, 
which may provide some evidence that the F-type mtDNA may be able to provide the 
same function as the M-type mtDNA in its absence (Hoeh et al. 1997).  This 
masculinization event also provides evidence supporting the hypothesis that the mtDNA 
sequences themselves have directions for the route of transmission of the separate F and 
M-type mtDNA haplotypes (Zouros 2013).  It is also not known whether replication of 
M-type mtDNA is causative or associative with the maleness of the offspring.  It is 
known that males retain and replicate the M-type mtDNA, and that females do not (Cao 
et al., 2004), but retention and replication of M-type mtDNA may not be causative of the 
embryo becoming male.  Female mussels have sex-ratio bias in that their offspring 
consists either of mostly males, mostly females, or a ratio of 50:50 males to females 
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(Zouros et al., 1994).  A single female will continuously produce this ratio of male to 
female offspring despite the male it is mated with and daughters do not necessary have 
the same bias as their mothers (Kenchington et al. 2002).  This indicates that something 
in the egg determines whether the offspring is male or female, and its control may be by 
genes encoded by the nucleus rather than the mitochondria (Kenchington et al., 2002).  
Thus, the egg may determine whether or not the zygote is male, and replication of M-type 
mtDNA is associated with maleness, not causative.  
Put simply, the mature female mussel tissues normally consist of 100% F-type 
mtDNA and mature male tissues contain 100% F-type mtDNA in the somatic tissues, 
however males contain 100% M-type mtDNA in the germ cells (Cao et al., 2004).  There 
have been studies measuring the proportion of F-type to M-type mtDNA in mature adult 
tissues that have shown trace amounts of M-type mtDNA detectable in somatic tissues of 
both male and female adults (Kyriakou et al., 2010, Obata et al., 2011).  In female adults, 
trace amounts of M-type mtDNA would suggest that the M-type mitochondria get 
randomly dispersed in the zygote, and in mature mussels the M-type mtDNA is not 
destroyed, but is not subject to significant replication.  It has also been hypothesized that 
"leakage" from the sperm mtDNA may occur in males, leading to somatic tissues being 
comprised of trace amounts of M-type mtDNA (Milani et al., 2012). 
In order to have germ cells purely of M-type mtDNA, at least one copy must be 
localized to the cell destined to give rise to the germ line and  either selective 
amplification of M-type mtDNA or loss of the F-type mtDNA must occur.  Its well 
established that in male zygotes, the 5 aggregated sperm mitochondria enter the egg upon 
fertilization  (Longo et al., 1967), however it is not known when the mitochondria 
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dissociate from one another.  Studies have shown that in some embryos the sperm 
mitochondria are still aggregated together as late at as the trochophore stage of 
embryogenesis (Cao et al., 2004).  If one assumes that the aggregate remains together 
until the germ line must mature, it could be that little to no fission and fusion of 
mitochondria occurs until this point, and little to no replication of mtDNA occurs either.  
If the M-type mtDNA has little function in the animal outside of spermatogenesis, it 
could be that until spermatogenesis occurs, no replication of mtDNA occurs.  For these 
reasons is it necessary to study the replication of total mtDNA in DUI species.  
This study will attempt to elucidate the replication rate of total mtDNA relative to 
nuclear DNA, in order to aid in the understanding of the sorting and reproduction of 
mtDNA in DUI species.  Quantitative PCR (qPCR) will be used to analyze mtDNA 
replication across embryonic development and early adulthood in DUI species, Mytilus 
galloprovincialis, beginning with trochophore larvae (ca. 24 hours pos-fertlization), and 
comparing replication of mitochondrial DNA through the early veliger (D-stage; ca. 48 
hours), and pediveliger (late stage veliger; ca. 7 days).  The pediveliger stage is 
considered the final embryonic stage before metamorphosis and the formation of a 
juvenile mussel.  Early juveniles (spat) measuring 1mm in length (ca. 70 days post 
fertilization) will also be used to monitor replication of mtDNA past the embryonic 
stages of development.  Understanding mtDNA replication as a whole will aid in using 
these organisms as model systems for both germ line development and mutated mtDNA 
replication and inheritance. 
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CHAPTER 2  
METHODS  
Real-time, or quantitative PCR (qPCR) was used to monitor replication of total 
mtDNA (both F-type and M-type).  Three different embryonic stages were used to track 
replication through embryonic development: trochophore, early veliger, and pediveliger 
embryos (listed in order from youngest to oldest).  To monitor replication of total 
mtDNA post-embryogenesis, 24 individual spat, measuring 1mm in length were also 
studied with qPCR. 
2.1 Spawning of Mussels: In order to grow embryos to the trochophore stage, live 
Mytilus galloprovincialis mussels were obtained from Taylor Shellfish farms (Shelton, 
Washington.)   Spawning of mussels was induced by placing individual mussels in 
separate dishes containing natural seawater at room temperature.  Room temperature 
(22°C) is warm enough to induce spawning of ripe mussels.  Eggs from a single female 
were collected and washed 2x with natural seawater that had been filtered through a 
0.45uM filter.  Sperm were collected with a pipette and added drop-wise to the eggs to 
allow for fertilization.  Successful fertilization was followed by eye under a dissecting 
microscope.  Embryos were then left to proceed through development until the embryos 
were between 2 and 4 cells in size.  Once the embryos had reached the 2-4cell stage, the 
embryos were diluted 1:1000 in filtered seawater containing 10mg/ml gentamycin and 
kept in stirred culture at 22°C in 3 liter glass containers until they reached the 
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trochophore stage (ca. 24 hours.)  Embryos were then washed in filtered sea water and 
fixed in 70% ethanol. 
Taylor Shellfish Farms generously provided both early veliger and pediveliger 
embryos.  The spawning date for these mussels was 11/14/12.  Embryos were collected at 
the early veliger 2 days post-fertilization, pediveliger from the same spawning were 
collected at 7 days post fertilization, and spat from the same spawning were collected 70 
days post fertilization.  These larvae were shipped live on ice, washed in filtered sea 
water and fixed in 70% ethanol.  All larvae were checked for viability (active swimming 
behavior and overall anatomical structure) before fixation.  
2.2 DNA extraction: All embryos were fixed in 70%EtOH.  They were washed 2X with 
TE buffer (10mM Tris-HCl pH 7.5, 1mM EDTA), and then resuspended in TE buffer.  
Single embryos were separated with a p20 pipette and suspended in 2uL of TE buffer. In 
order to extract DNA, 1uL of proteinase K (200ug/uL) was added to each sample.  Spat 
were placed in 24uL of TE buffer, and 6uL of proteinase K (200ug/uL) was added to 
each sample to extract DNA.  Samples were then incubated for 3 hours at 55°C, then at 
95°C for 10min in order to inactivate the proteinase K. 
2.3 qPCR: Quantitative PCR (qPCR)was run using a SensiFAST™ SYBR NO-ROX Kit 
(Bioline).  Each reaction consisted of: 10uL of 2X Reaction mix, 0.27uL of forward and 
reverse primers (final concentration=0.4uM), and water up to 20uL after the addition of 
DNA.  The reaction was run with the following 2-step cycling conditions: 1) 95°C for 
3min, 2) 95°C for 5sec, 3) anneal (58°C for RS 233 and 234, 56°C for RS 219 and 220) 
for 30sec, 4) Steps 2-4 were repeated for 35 cycles.  The melt curve was determined with 
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the following conditions: 1) 60°C for 5sec, and 2) 95°C for 5sec, with increment 
increases of 0.5°C for Step 1 with each subsequent read.  All reactions were run with 
replicates, and with no-template controls.  QPCRs were all run on a Bio-Rad CFX96 real-
time PCR machine, and results were analyzed using Bio-Rad CFX Manager 3.0.  
Primer set RS 233 and 234, amplifies a region of the mitochondrial D-loop 
identical in sequence in both M-type and F-type mtDNA.  Primer set RS 219 and 220 
amplifies a region of the male mitochondrial D-loop only found in the M-type mtDNA 
genome. 
RS 233: 5'-GCC CTT CCG TTA GAA GAA GTA G-3' 
RS 234: 5'-GCT CGA AAC CGC TAG ATA CAA-3' 
RS 219: 5'-GGA ATA TAC GCA GAT AGT TGG AGA TAG-3' 
RS 220: 5'-CCC TGG GAT TAC TCT GTT GTT C-3' 
Primers were designed using PrimerQuest (Integrated DNA Technologies) and 
Genbank Accession ID NC_006886.2 for RS 233 and 234, and Accession ID AF188280 
for RS 219 and 220. 
In order to ensure that change in template concentration could be detected using 
qPCR, each set of samples (5 sets, each with 4 replicate samples) were set up such that 
each sample in a set contained one more embryo than the samples in the previous set, 
with the final sample set containing 5 embryos per sample.  
qPCR threshold cycle values (Ct values) were obtained by the Bio-Rad CFX96 
real-time PCR machine, when fluorescence reached levels above background.  For each 
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sample, Ct values were linearized, using the following equation assuming a doubling of 
DNA with each amplification cycle.  This linearized value is proportional to the amount 
of DNA in the original sample. 
 Ct_Trans=(1/2)Ct 
Values were then normalized to the mean value of samples containing 3 
trochophore larvae.  Using a sample with 3 embryos ensured that the sample contained 
enough DNA to be reliably detected by the qPCR.  The mean Ct of samples with 3 
trochophore larvae was 20.7925.  That number was transformed using the equation 
above, to get a Ct_Trans of 5.51x10-7.  That value was then multipled by three, and all 
subsequent Ct values were normalized to this number, and deemed "trochophore 
equivalents" using the equation below.  
 "trochophore equivalents"=(Ct_Trans/16.53x10-7) 
Ct values for spat were adjusted to account for the fact that only 1/5 of the DNA 
extracted from the individual spat was used in the qPCR.  Ct_Trans was multiplied by 5 
before being converted to "trochophore equivalents."  To compare these values to the 
mean values of 3 embryos per sample from qPCR at different embryonic stages of 
development, the values were then multiplied by 3 to adjust values to represent 3 spat. 
2.4 Quantification of total DNA: Total DNA was quantified using a Qubit 2.0 
Fluorometer (Invitrogen®) and Qubit™ dsDNA HS Assay Kit (Invitrogen®) according 
to kit specifications.  In order to ensure that change in DNA concentration could be 
detected using this method, each set of samples (5 sets, each with 4 replicate samples) 
were set up such that each sample in a set contained one more embryo than the samples 
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in the previous set, with the final sample set containing 5 embryos per sample.  The mean 
values of samples containing 3 embryos for each embryonic stage were analyzed in order 
to ensure there was enough DNA to detect reliable concentrations. 
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CHAPTER 3 
RESULTS 
To follow the process of total mtDNA replication during development, qPCR was 
performed using embryos at each of five developmental stages.  In order to obtain a per 
embryo measurement, and to ensure that a change in template concentration could be 
detected, samples were initially set up so that each set of samples contained one more 
embryo than the previous set, with the final sample containing five embryos.  Each set 
consisted of four replicates.  Data sets from each stage of development were collected 
from a single qPCR run (Figure 3.1).  This same set-up process was used in order to 
determine the amount of DNA present in a single embryo, and to make sure changes in 
DNA content was detectable using the Qubit 2.0 (Figure 3.2).   
Results from both the qPCR (Figure 3.1) and quantification of the amount of 
DNA in a single embryo (Figure 3.3) display characteristics of a positive linear 
correlation.  Based on these results the most reliable values came from samples 
containing 3 embryos.  For qPCR results from each stage, the mean "trochophore 
equivalent" value for samples containing 3 embryos were graphed according to age 
(Figure 3.2).  The mean of 3 trochophore embryo samples is equal to 3.08 trochophore 
equivalents.  The mean of 3 early veliger embryo samples corresponds to 3.16 
trochophore equivalents, indicating a lack of mtDNA replication between these two 
stages.  The mean of 3 pediveliger embryo samples however, corresponds to 21.36 
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trochophore equivalents.  This shows that during the early development of the mussel 
there is no significant mtDNA replication.   However in the five days between the early 
veliger (48 hours post fertilization) and pediveliger stage (7 days post-fertilization) total 
mtDNA has clearly undergone some replication. 
The pediveliger stage in Mytilus occurs just prior to metamorphosis and 
settlement of young adult mussels.  To determine if there is a significant change in the 
amount of mtDNA associated with 1mm young adults (spat; 70 days post-fertilization) 24 
individual spat were also measured for total mtDNA content using qPCR.  At this late 
stage in development, M-type mitochondrial signal is easily detected using qPCR.  Each 
individual 1mm adult was measured for both total mtDNA (Figure 3.2), and M-type 
mtDNA (data not shown).  Individuals were deemed male if the M-type mtDNA signal 
was reliably detected at a Ct value of less than 30, and female if the Ct value for the male 
mtDNA was 32 or greater (background noise level.)  Of the 24 individuals tested, 7 were 
male, and 17 were female.  The mean value of total mtDNA for both the male individuals 
and female individuals was determined (Figure 3.2)  Based on these values there is no 
significant difference between total mtDNA in female versus male 1 mm adult mussels.  
The mean value of all individuals, regardless of sex, is 80.19 trochophore equivalents.  
The increase in total mtDNA from pediveliger to 1mm spat is 3.75-fold while the 
increase between early veliger and pediveliger is 6.76-fold.  The total net increase in 
mtDNA between early veliger and 1mm spat is 25.38.  Given that the time between 
veliger and pediveliger is 5 days and between pediveliger and 1mm spat is 63 days, this 
means that the highest rate of mtDNA replication is occurring between the early veliger 
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and the pediveliger stage prior to settlement.  There is continued slower replication of 
total mtDNA replication following settlement and growth of the young adult.  
In order to compare total DNA (genomic plus mitochondrial) with mtDNA 
replication during embryonic development, the increase in total DNA (quantitatively 
mostly genomic DNA) was determine for each of the three stages examine (Figure 3.3).  
Again using the mean value of 3 embryos per sample, total DNA was measure using a 
Qubit 2.0 Fluorometer (Invitrogen®).  A comparison was then made between the rate of 
increase in total DNA versus that of the mtDNA.   Between the zygote and the 128 cell 
trochophore (Zouros, 2013) there is an expected 7-fold increase in genomic DNA, added 
to which is the egg mtDNA present at fertilization was then compared among each stage.  
The mean value of samples containing 3 embryos for trochophores is 0.68ng.  For early 
veligers the mean value of three embryos is 0.62ng, and for pediveligers the mean value 
is 13.2ng (Figure 3.3f).  The increase in total DNA correlates with the rapid seven cell 
divisions occurring during the first 24 hours of early development.  Over the next 24 
hours there is no significant increase in the amount of total DNA, consistent with the 
absence of any mtDNA replication and suggesting that this period represents a pause 
during which cell rearrangement and differentiation is occurring following mid-blastula 
transition.  When one examines the relative amount of total DNA between early veliger 
and pediveliger there is a 21.29-fold increase in total DNA content as cell division 
resumes and growth proceeds over the next seven days in the feeding veliger.  
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3.1c. 
Figure 3.1. Quantitative PCR (qPCR) was run on total mtDNA using embryos of each 
embryonic stage of development. Five samples were run with each subsequent sample 
containing one additional embryo than the previous sample. Ct values were transformed 
to graph the results linearly, and then normalized such that mean value of samples with 3 
trochophores represents 1, and values are shown in "3 Troch Equivalents." Results from 
each stage show a linear increase as a single embryo is added to the sample. 
 
Figure 3.2. The mean values of samples containing 3 embryos were graphed according to 
"3 Troch Equivalents" against days post fertilization. The trochophore larvae are 
represented at 1 day post fertilization, the early veligers are 2 days post fertilization, the 
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pediveligers are 7 days post fertilization, and the spat are 70 days post fertilization. The 
mean value of 3 trochophore larvae is 1, while the mean value of 3 early veliger larvae is 
also 1. The mean value of 3 pediveliger larvae is 7. When taking standard deviation into 
account (represented by error bars), there is no difference in total mtDNA between male 
and female spat. The mean value of all individuals is 26.73 "3 Troch Equivalents". There 
is a 7-fold increase in mtDNA from trochophore and early veligers to pediveliger. There 
is a 26.73-fold increase in mtDNA from early veliger to 1mm spat, and a 3.81-fold 
increase from pediveliger to 1mm spat. 
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3.3c. 
 
3.3d. 
Figure 3.3a-c: Embryos were measured for total DNA content, five samples were run 
with each subsequent sample containing one additional embryo than the previous sample. 
As each additional embryo is added to the sample, the DNA concentration increases 
linearly. Fig 3d graphs the mean value of samples containing 3 embryos for each stage. 
The mean value of samples containing 3 embryos for trochophores is 0.68ng, for early 
veliger is 0.62ng, and for veligers is 13.2ng. Taking standard deviation into account 
(represented by error bars), there is no change between trochophores and early veligers, 
y = 4.3964x - 1.4507
R² = 0.9063
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however, between early veligers and pediveligers there is a 21.29-fold increase in total 
DNA content.  
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CHAPTER 4 
DISCUSSION 
A small number of members of the Bivalvia (Mollusca) exhibit a unique form of 
mitochondrial inheritance referred to as Double Uniparental Inheritance (DUI) of 
mitochondria (Zouros et al., 1994).  In these species the male, through the sperm, 
provides the zygote with 5 large mitochondria containing only M-type mtDNA while the 
female egg has a very large number of small mitochondria containing only F-type 
mtDNA (Longo et al., 1967; Cao et al., 2004).  The initial ratio of M to F type is very low 
but by the adult state the entire germ line of the male is M-type while the bulk of the 
somatic tissue is F-type (Cao et al., 2004).  The absolute ratio is quite variable but can 
often reach 1:1 or even greater (Sano et al., 2007).  In the female the M-type apparently 
fail under normal conditions to replicate and the female germ-line remains F-type, thus 
maintaining the pattern of DUI (Stewart et al., 1995).  The change in ratio of M to F type 
mtDNA requires that at some point between early development and the formation of 
gametes that there be a selective amplification of the M-type mtDNA relative to the F-
type (Zouros et al., 1994).  This study examines where between fertilization and the 
young adult stage total mtDNA amplification first occurs.  
Using embryos at the trochophore stage as a standard we have converted PCR Ct 
values early stage veligers (48 hours post-fertilization) and pediveligers (7 days post-
fertilization) to a standard mtDNA and then compared the total amount of mtDNA in the 
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three stages of embryogenesis and also to a 1mm post-settlement 70 day old young adult 
(Figures 2.1 and 2.2).  The amount of mtDNA present in the trochophore and the early 
veliger stages (24 and 48 hours post-fertilization) is statistically identical, indicating that 
no significant amount of mtDNA is being synthesized during these early stages of 
embryogenesis. The period between early veliger and pediveliger (48 hours and 7 days 
post fertilization respectively) shows a large increase in mtDNA replication with a 6.76-
fold increase in total mtDNA.  This rate of increase, assuming that it is linear, is 
approximately  a doubling time of between 1.5 and 2 days.  Between the pediveliger 
stage and the 1mm young larva morphogenesis and settlement occurs (Bayne, 1965).  A 
comparison of the pediveliger and the 1mm young larva (age difference of 63 days) 
shows a 3.75 fold increase in total mtDNA.  Again assuming that the mtDNA replication 
rate is linear during this period, one sees a doubling rate of approximately 16.5 days or a 
little over a 10-fold decrease over that seen between early veliger and pediveliger stage.   
By comparison, nuclear DNA is rapidly doubling between the zygote and the 
trochophore stage while the mtDNA is not replicating.  While both nuclear DNA and 
mitochondrial DNA are not replicating between the trochophore and the early veliger 
stage, between the early veliger and pediveliger stages nuclear DNA is replicating at an 
even faster rate than the mtDNA, with a 21.29-fold increase in total DNA content.  This 
confirms previous observations that mtDNA replication is not directly coupled to nuclear 
DNA replication.  After the pediveliger stage, the mtDNA continues to replicate but at a 
decreased rate relative to the replication between early veliger and pediveliger stages.  
Results from previous studies also support this data.  A recent study by Milani et. al. 
2012 in the clam DUI species, Ruditapes philippinarum used qPCR to analyze mtDNA 
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replication up to the 32-cell stage of development, and found that little mtDNA 
replication occurred relative to nuclear DNA replication (Milani et al., 2012).  Similar 
low levels or mtDNA replication during early stages of embryogenesis are also seen in 
several other non-DUI species including fishes (Wang et al., 1992), sea urchins 
(Matsumoto et al., 1974), frogs (Chase et al., 1972), and nematodes (Tsang et al., 2002).  
The large number of mitochondria in the eggs of both normal and DUI species 
(White et al., 2008; Longo et al., 1967) suggests that there is more than sufficient 
mitochondrial capacity to allow the embryo to pass through early embryogenesis without 
the need for additional mitochondrial DNA replication.  In DUI exhibiting species of 
molluscs, however, not only must the organism increase the total number of mitochondria 
as growth occurs, but it must also (a) segregate the M-type mitochondria into the germ 
line through some as yet unknown mechanism, but it must also selectively increase the 
M-type mtDNA to account for the decreased ratio of F to M-type seen in the adult 
(Zouros et al., 1994).  This cell-sorting component is especially interesting in the case of 
a DUI species like M. galloprovincialis where during the early cleavage stages sperm 
mitochondria are aggregated together and localized to a specific cell during the first 
division in males (Cao et al., 2004).  Though the mechanism by which this sorting occurs 
is not known, one idea is that the M-type mtDNA localized in specific male 
mitochondria, fails to undergo any replication until it is assigned to cells committed to the 
germ line, thus insuring proper sorting of the M-mtDNA only to germ line cells (Cao et 
al., 2004).  The point at which this sorting is complete and the replication of the M-
mtDNA can commence is not known but the studies reported here indicate that there is a 
point between the early veliger and the pediveliger stage when mtDNA replication 
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become highly active.  Further studies need to be done in regards to this to determine if 
this replication is associated with the M-type, the F-type or both haplotypes of the 
mtDNA .  Preliminary qPCR studies using male specific qPCR primers show that M-type 
mtDNA can be detected at low levels in the pediveliger stage and in high quantities in the 
early larval stages while they are below the detection of qPCR in earlier stages of 
development. 
In humans, mutations in mtDNA can give rise to a number of diseases including 
neurodegenerative diseases, those related to aging, and cancer (Reddy et al., 2011; Taylor 
et al., 2005).  These diseases often worsen with age, and severity can vary depending on 
the ratio of mutated:wild-type mtDNA inherited (Chan et al., 2006).  It is not known how 
a mutation in a single copy of mtDNA, in a cell where 105-106 copies of mitochondrial 
DNA are present (White et al., 2008), can out-replicate wild-type mtDNA thus resulting 
in phenotypic expression of a disease state.  In DUI species the fact that the M-type 
mtDNA replicates to a point at which it dominates an entire tissue and often exceeds the 
total amount of F-mtDNA makes organisms exhibiting a DUI form of mitochondrial 
inheritance a good model for studying selective amplification of one of two types of 
mtDNA. 
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